This paper deals with an experimental study on suppression of a residual sloshing in a liquid transport container by a bulkhead, which divides the container vertically into two sections. Inserting the bulkhead to the container, the sloshing mode is separated into two modes; the one is the sloshing mode of liquid column in a U-tube (U-tube-mode), and the other is the sloshing mode in the separated container (Bulkhead-mode). In this paper, the suppression effect by the bulkhead on residual sloshing, which is excited by sudden stop of the liquid transport container, is examined experimentally with changing aperture ratio of the bulkhead, types of the bulkhead plate with or without holes, and the size of holes. Moreover, the fluid flow in the container is visualized and the suppression mechanism by the bulkhead is discussed based on the flow visualization. As a result, detailed suppression effect by the bulkhead on the residual sloshing is clarified, and it is clarified that higher suppression effect by the bulkhead is caused by the energy dissipation due to the vortex generated at the edge of the bulkhead and swirl flow in the liquid. The vortex generated and swirl flow in the liquid play an important role in higher energy dissipation of sloshing.
Introduction
In fine chemical plants, pipe-less plants, in which liquid transport containers are moved automatically, have been developed for a wide variety of productions in small quantities. High speed transportation and quick motion of the liquid transport container are needed to improve productivity in such plants. However, the residual sloshing of the liquid, which is excited by the quick motion, sudden stop or turn, of the container reduces the productivity. Therefore, residual sloshing should be suppressed quickly to achieve higher productivity.
Up to this time, many studies on sloshing suppression have been reported in Refs.
(1) ~ (7). These studies deal with the suppression of sloshing response excited by the periodic excitation. Kobayashi et al. in Ref. (1) and Watanabe et al. in Ref.(2) studied the suppression of sloshing in a rectangular vessel by a bulkhead under periodic excitation. In their study, it was shown that the sloshing mode of the liquid in the vessel is separated into two modes (see Fig.1 ); the one is the U-tube sloshing mode of liquid column in a U-tube with fluid motion between separated two vessels, and this sloshing mode is named "U-tube-mode". The natural frequency of the U-tube-mode becomes lower than that of the first mode of sloshing without inserting the bulkhead. The other is the sloshing mode in the separated each vessel without fluid motion between the separated two vessels, and this sloshing mode is named "Bulkhead-mode". The natural frequency of the bulkhead-mode becomes higher than that of the first mode of sloshing without inserting the bulkhead. Detailed suppression effect of U-tube-mode sloshing by the bulkhead was examined with changing aperture height of the bulkhead and exciting amplitude, in Ref. (2) . Moreover, there are some research works on sloshing suppression method by using a U-tube pipe in Ref. (3) , submerged net in Ref. (4) , gas bubbles in Ref. (5) , and baffle plate in Refs. (6) and (7) . Some research works on active suppression control of sloshing in a container have been conducted, in Refs. (8) and (9) . However, suppression effect by a bulkhead on residual sloshing excited by sudden stop of the liquid transport container has not been reported.
In this paper, suppression effect by a bulkhead on residual sloshing, which is excited by sudden stop of the liquid transport container, is examined experimentally with changing the aperture height under the bulkhead, types of bulkhead plate with or without holes, and the hole size in the plate of the bulkhead.
Experimental Setup and Procedure
Schematic illustration and photographs of the experimental setup are shown in Fig.2 and Fig.3 , respectively. The experimental setup consists of a liquid transport container①, bulkhead②, water level sensor③, and driving elements (DC motor④, belt⑤, pulley⑥, linier bearing⑦, shaft⑧ and transport table⑨).
The liquid transport container used in the experiments is a rectangular vessel, which is 2L=0.25m in length, H=0.2m in height and 0.05m in width, and is made of clear acrylic resin to visualize the flow patterns of the liquid in the container. The transport container① is filled with water, and the water level is set constant H w =0.12m in stationary state. The container is set on the transport table⑨ with four linier bearings⑦, and the transport table is driven by a DC motor④ and timing-belt⑤ and it moves on the shaft⑧. The bulkhead② is installed at the center of the container with aperture height h. The motion of the transport container is controlled as shown in Fig.4 , and the residual sloshing is excited by sudden stop of the transport container. The response of the residual sloshing in the container is measured by the water level sensor③.
The bulkheads used in the experiments are shown in Fig.5 , and those details are shown in Table1. Plate-A is without holes, and plates-B, -C, and -D are with holes whose diameter are 1.5mm, 3.0mm, and 5.0mm, respectively, and the area ratio, which is the ratio of holes area against the bulkhead are, are 23%, 33%, and 34%, respectively. The aperture ratio of the bulkhead h/H w (see Fig.2 ), which is the ratio of aperture height under the bulkhead h against the water level H w at rest, is set at 0.63, 0.46, and 0.29.
In the experiments, the suppression effect by the bulkhead on residual sloshing, which is excited by the sudden stop of the liquid transport container, is examined with changing the aperture ratio h/H w and the types of the bulkhead plates-A, -B, -C and -D.
U-tube-mode
Bulkhead-mode (a) without bulkhead
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Vol. 2, No. 1, 2008 the residual sloshing response without bulkhead is shown in Fig. 6 (a) for comparing the results. In Fig.6 , it is seen that the residual sloshing is effectively and quickly suppressed by the bulkhead. Even in the case of large aperture ratio h/H w =0.63(see Fig.6 (b)), which denotes the case of shallow insert depth of the bulkhead, high suppression effect is obtained by using a bulkhead. In Fig.7 , it is found that the first mode of the sloshing without a bulkhead is separated into two sloshing modes, U-tube-mode and Bulkhead-mode, by using the bulkhead. In particular, the natural frequency of the U-tube-mode decreases with decreasing the aperture ratio (with increasing insert depth), and its response is dramatically suppressed by the bulkhead. The suppression effect on the U-tube-mode sloshing increases gradually with decreasing the aperture ratio. On the other hand, it is seen that the natural frequency of the Bulkhead-mode does not change sensitively with decreasing the aperture ratio, and the suppression effect by the bulkhead on the Bulkhead-mode does not increase with decreasing the aperture ratio. The response of the Bulkhead-mode becomes larger than that of U-tube-mode with decreasing the aperture ratio.
Visualized flow patterns after the sudden stop of the container, in the case of the plate-A with aperture ratio h/H w = 0.46, are shown in Fig.8 . It is seen that a vortex is generated at the edge of the bulkhead (in Fig.8 (1) ). After that, it grows and moves the other side of the bulkhead (in Fig.8 (2) and (3)), and then moves the other side again (in Fig.8 (4) ~ (6)). Finally, the vortex moves toward the bottom and disappear at the bottom (in Fig.8 (7) ~ (9)), and then swirl flow is generated in the liquid. From these results, it is clarified that higher suppression effect by the bulkhead is caused by the energy dissipation due to the vortex generated at the edge of the bulkhead and swirl flow in the liquid. The vortex and the swirl flow in the liquid play an important role in higher energy dissipation of sloshing. 
Comparison of suppression effect between with and without holes
Time histories of residual sloshing responses in the case of h/H w =0.29, with changing the types of the bulkhead plate-A, -B, -C and -D, are shown in Fig.9 for comparing the results between with and without holes. It is seen that the residual sloshing is effectively and quickly suppressed by the plate-B, and the plate-B is most effective in suppression of the residual sloshing.
Spectra of the time histories in case of the plate-A without holes and the plate-B with holes are shown in Fig.10 for comparing the results between with and without holes. In this figure, the spectrum in the case of without bulkhead is shown in the dotted line. In the case of the plate-A, the sloshing mode is separated into two modes, the U-tube-mode and the Bulkhead-mode.
On the other hand, in the case of the plate-B with holes, it is seen that the residual sloshing is suppressed without separating the first mode of the sloshing. Instead of the U-tube-mode, the lower frequency sloshing mode appears. This mode behaves like the first mode of the sloshing. This mode is suppressed by the energy dissipation due to vortexes generated by through not only aperture area but also holes in the bulkhead. Therefore, high suppression effect appears without changing the natural frequency. The Bulkhead-mode disappears and instead of it, the higher frequency sloshing mode is generated by the overflow of fluid into the other side through the holes. This mode behaves like the Bulkhead-mode. Its response is effectively suppressed caused by the energy dissipation due to small vortexes caused by the overflow of the fluid into the other side through the holes in the bulkhead. 
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Suppression effect by bulkhead for different aperture ratio
Time histories of the residual sloshing responses in the case of the plate-B, with decreasing the aperture ratio of the bulkhead h/H w =0.63, 0.46, and 0.29, are shown in Fig.11 (a) ~ (c). The spectra of those time histories are shown in Fig.12 , and in this figure, the spectrum of the residual sloshing response without bulkhead is shown in dotted line for the comparison between the results with and without the holes.
In Fig.11 , it is seen that the residual sloshing is effectively and quickly suppressed by the plate-B, and the suppression effect does not change in Fig.11 (b) and (c) . It is found that the suppression effect is high even large aperture ratio. In Fig.12 , the suppression effect on the residual sloshing in the frequency range around 1.7Hz becomes higher with decreasing aperture ratio, because the energy dissipation due to the leakage flow through the holes 
h/H w h/H w h/H w
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increases. Here, the reason why the energy dissipation increases is that the number of the holes, through which the liquid flow, increases with decreasing the aperture ratio. Moreover, it is seen that the suppression effect of the residual sloshing in the frequency range 2.5~2.7Hz is also high, and increases slightly with increasing the aperture ratio, because excitation of sloshing mode in the frequency range 2.5~2.7Hz is suppressed gradually by increasing plate area in liquid. Here, the reason why the suppression effect does not change in Fig.11 (b) and (c) is that the response in the frequency range around 1.7Hz decreases but it in the frequency range 2.5~2.7Hz increases with increasing the aperture ratio.
Time histories of residual sloshing responses with the plate-C, with decreasing the aperture ratio of the bulkhead, are shown in Fig.13 (a) ~ (c) , and those spectra are shown in Fig. 14. In these figures, it is seen that the suppression effect by the bulkhead increases slightly with decreasing the aperture ratio, and that, however, the suppression effect by the plate-C is smaller than that of plate-B, because the energy dissipation in the case of large holes size is smaller than that in the case of small holes size. Moreover, it is seen that the suppression effect on the residual sloshing in the frequency range 2.5~2.7Hz is also high, and it does not change with decreasing the aperture ratio.
Time histories of residual sloshing responses with the plate-D, with decreasing the aperture ratio of the bulkhead, are shown in Fig.15 (a) ~ (c) , and those spectra are shown in Fig.16 . In these figures, it is seen that the suppression effect by the plate-D is almost same that by the plate-C, and that the suppression effect by the bulkhead does not change with decreasing aperture ratio. Fig.18 . It is seen that the fluid goes through the holes and generates many small vortexes after the sudden stop of the container (in Fig.18 (1) ~ (5)). After that, the fluid separates from the tip of the bulkhead (in Fig.18 (6) ~ (9)). From these results, it is found that the effective suppression by the plate-B is caused by the high energy dissipation due to not only the leakage flow through the holes in the bulkhead plate but also the vortexes and swirl flows generated at the edge of the bulkhead.
On the other hand, in the case of the plate-C and -D which have larger holes and area ratio, the suppression effect on the residual sloshing is not high. Visualized flow patterns after the sudden stop of the container, in the case of the plate-D with aperture ratio h/H w = 0.46, are shown in Fig.19 . It is seen that the fluid goes through the holes and generates many small vortexes. However, the fluid flow does not separate from the tip of the bulkhead, and the vortex is not generated. Therefore, there is no high energy dissipation caused by the vortexes and swirl flows separated, and the energy dissipation due to the leakage flow through the holes in the bulkhead plate are small, so that the suppression effect by the plate with large holes is not so high. Here, the energy dissipation by the leakage flow through the holes becomes smaller with increasing the size of the holes, because the resistance of the holes against the liquid flow becomes smaller. On the other hand, it is found that, in the higher frequency range 2.5~2.7Hz, there is higher suppression effect for the Bulkhead-mode ( and Bulkhead-mode like ) sloshing by using the plate-D with larger holes and area ratio in all cases, because the flow rate of the liquid which overflows through the holes increases with increasing the size of the holes. According to these results, it is found that higher suppression effect by the bulkhead is generated by both the vortex and swirl flow generated at the edge of the bulkhead and the leakage flow through the holes in the bulkhead plate.
Equivalent damping ratios ζ e against the aperture ratio h/H w are shown in Fig.20 . It can be seen that the equivalent damping ratio increases with decreasing the holes size. In particular, it is found that the equivalent damping ratio in the case of the plate-B is highest in the all plates used in the experiments, and is about eight times higher than that without bulkhead. 
Conclusions
In this paper, the suppression effect by the bulkhead on the residual sloshing, which is excited by the sudden stop of the liquid transport container, was examined experimentally with changing the aperture ratio of the bulkhead, types of the bulkhead plate with or without holes, and the holes size. The results can be briefly summarized as follows: 1) In the cases of the plate-B, -C and -D with the holes, the residual sloshing is effectively suppressed without separating the sloshing modes into U-tube-mode and Bulkhead-mode, and there is high suppression effect for the Bulkhead-mode (and Bulkhead-mode like) sloshing. In particular, the suppression effect and damping become higher in the case of the plate-B with smaller holes, and this higher suppression effect and damping on the residual sloshing is caused by the energy dissipation due to vortexes, swirl flow and leakage flow through the holes in the plate; 2) There is an optimum value for the insertion depth of the bulkhead to suppress the residual sloshing, and even in the case of the small insertion depth of the bulkhead, high suppression effect and damping on the sloshing can be obtained; 3) In the case of the plate-A without holes, the sloshing mode is separated into U-tube-mode and Bulkhead-mode, and the residual sloshing of the U-tube-mode is suppressed effectively by the energy dissipation resulting from vortex and swirl flow generated at the edge of the bulkhead. On the other hand, the bulkhead without holes, however, has no suppression effects on the residual sloshing of the Bulkhead-mode excited by the sudden stop of the container.
